Abstract. Fragmentation of glycopeptides in tandem mass spectrometry (MS/MS) plays a pivotal role in site-specific protein glycosylation profiling by allowing specific oligosaccharide compositions and connectivities to be associated with specific loci on the corresponding protein. Although MS/MS analysis of glycopeptides has been successfully performed using a number of distinct ion dissociation methods, relatively little is known regarding the fragmentation characteristics of glycopeptide ions with various charge carriers. In this study, energy-resolved vibrational activation/ dissociation was examined via collision-induced dissociation for a group of related high mannose tryptic glycopeptides as their doubly protonated, doubly sodiated, and hybrid protonated sodium adduct ions. The doubly protonated glycopeptide ions with various compositions were found to undergo fragmentation over a relatively low but wide range of collision energies compared with the doubly sodiated and hybrid charged ions, and were found to yield both glycan and peptide fragmentation depending on the applied collision energy. By contrast, the various doubly sodiated glycopeptides were found to dissociate over a significantly higher but narrow range of collision energies, and exhibited only glycan cleavages. Interestingly, the hybrid protonated sodium adduct ions were consistently the most stable of the precursor ions studied, and provided fragmentation information spanning both the glycan and the peptide moieties. Taken together, these findings illustrate the influence of charge carrier over the energyresolved vibrational activation/dissociation characteristics of glycopeptides, and serve to suggest potential strategies that exploit the analytically useful features uniquely afforded by specific charge carriers or combinations thereof.
Introduction
T he development of improved capabilities for mass spectrometry (MS) based study of glycoprotein structure is a focal point of activity in bioanalytical science [1] [2] [3] [4] . In particular, the analysis of protein glycosylation at the level of proteolytic glycopeptides is of high interest because, unlike methods which involve glycan release, this approach confers protein site specificity to analysis of the modifying glycans [5] [6] [7] [8] . While advantageous in allowing for glycans of specific compositions and topologies to be localized to specific sites of a glycoprotein, these means of glycoprotein characterization can also be technically challenging since the heterogeneities and structural complexities of the oligosaccharide and the polypeptide must be addressed simultaneously [9] [10] [11] . In this respect, tandem mass spectrometry (MS/MS) methods are of central importance in interrogating the compositions and overall connectivities of glycopeptides [12, 13] .
Substantial effort has been directed towards exploiting the specific advantages afforded by different ion dissociation methods for glycopeptide analysis, including those based on ion-neutral interactions, as in collision-induced dissociation (CID) [14] [15] [16] [17] [18] ; ion-electron and ion-ion reactions, as in electron capture dissociation (ECD) and electron transfer dissociation (ETD) [19] [20] [21] [22] ; and irradiation with photons, as in infrared multiphoton dissociation (IRMPD) and ultraviolet photodissociation (UVPD) [23] [24] [25] [26] . By comparison, less attention has been paid to the effects of charge carrier upon glycopeptide dissociation patterns and energetics. Nevertheless, it has been appreciated that the glycopeptide structural information furnished by a given MS/MS experiment heavily depends on the glycan composition, peptide composition, and ion dissociation method, in addition to the charge state, charge carrier, and the amount of energy deposited to induce fragmentation [27, 28] . Protonated precursor ions are the most common targets for MS/MS analysis of glycopeptides and, as such, the dissociation characteristics of these analytes can in part be rationalized by proton mobility [29, 30] . The study of glycopeptide precursor ions with other charge carriers, which could give rise to fragmentation characteristics that are fundamentally distinct from those of protonated species, may provide some analytical advantages. In this respect, sodiated glycopeptides are of interest, as carbohydrates and glycoconjugates readily appear as alkali metal adducts in MS analysis [31] [32] [33] [34] , with sodium adducts being the most frequently encountered.
This report presents a study of energy-resolved vibrational activation/dissociation behavior in a group of related high mannose N-glycopeptides studied as their [ 2+ (hybrid protonated sodium adduct) precursor ions. Glycopeptides of different compositions and with different charge carriers exhibited significantly varied energy-dependent CID characteristics, both in terms of vibrational energy requirements for dissociation, and in terms of the information provided by the resulting fragmentation spectra. These data demonstrate some key respects in which the different charge carriers dictate the energy-resolved vibrational activation/dissociation characteristics of glycopeptides, while also suggesting ways in which analytically useful fragmentation pathways associated with various charge carriers can be exploited for glycopeptide analysis.
Experimental

Materials
Solvents, including HPLC grade water, HPLC grade acetonitrile, and formic acid, were obtained from Burdick and Jackson (Muskegon, MI, USA), Fisher Scientific (Fair Lawn, NJ, USA), and Sigma-Aldrich (St. Louis, MO, USA), respectively. Bovine ribonuclease B (RNase B), urea, sodium acetate, ammonium bicarbonate, dithiothreitol, iodoacetamide, and proteomics grade trypsin were also purchased from Sigma-Aldrich. Zwitterionic hydrophilic interaction liquid chromatography (ZIC HILIC) micropipette tips were acquired from Protea (Somerset, NJ, USA). Corning Pyrex borosilicate melting point capillaries (100 mm×1.5 mm; Corning, NY, USA) were obtained from Fisher Scientific. Platinum wire was acquired from Alfa Aesar (Ward Hill, MA, USA).
Sample Preparation
A solution of 10 μg·μL -1 of RNase B in 8 M urea and 50 mM NH 4 HCO 3 (pH 7.5) was prepared to relax the threedimensional structure of the target protein. A 10 μL aliquot of this denaturing RNase B solution was reduced by addition of 10 μL of 450 mM dithiothreitol in 50 mM NH 4 HCO 3 (pH 7.5) and 40 μL of 8 M urea in 50 mM of NH 4 HCO 3 (pH 7.5). This mixture was incubated for 1 h in a 55°C water bath. Subsequently, the reduced solution was treated with 10 μL of 500 mM iodoacetamide in 50 mM NH 4 HCO 3 (pH 7.5) and incubated in the dark at ambient room temperature for alkylation. The resulting sample was then diluted with 175 μL of 50 mM of NH 4 HCO 3 (pH 7.5), followed by addition of 5 μL of 0.5 μg·μL -1 trypsin. The sample was incubated in a 37°C water bath for 16 h for proteolysis. After incubation, the volume of the RNase B trypsin digest was reduced to G10 μL by vacuum centrifugation (Thermo Savant, Holbrook, NY, USA) at ambient room temperature. The total volume of the solution was then increased to 100 μL by adding 80% acetonitrile/0.1% formic acid. Glycopeptides were purified and enriched from the reconstituted crude digest by means of ZIC HILIC micropipette tips. The tip was first washed with water, and then equilibrated with 80% acetonitrile. A 20 μL portion of the reconstituted crude digest was then loaded for purification and enrichment. The tip was next rinsed with 80% acetonitrile, and purified/enriched glycopeptides were eluted in 20 μL of 0.1% formic acid. In some cases, up to 1 mM sodium acetate was spiked into the purified digest in order to increase the proportion of glycopeptide sodium ion adducts for study.
Mass Spectrometry and Tandem Mass Spectrometry
All MS and MS/MS measurements were performed using a Synapt G2-S HDMS quadrupole time-of-flight (Q-TOF) instrument (Waters Corporation; Manchester, UK). For each experiment, 5-10 μL of purified digest was loaded into a homemade borosilicate emitter, which was fabricated from a melting point capillary with the aid of a vertical type micropipette puller (David Kopf Instruments, Tujunga, CA, USA). The filled emitter was then positioned onto the x, y, z stage of the nanoelectrospray ionization (nESI) source. The nESI stage had been adapted to accommodate an electrode holder (Warner Instruments; Holliston, MA, USA) capable of fastening the emitter such that the contained solution was placed into contact with a platinum wire. The nESI capillary potential was delivered to the sample via the platinum wire. All experiments were carried out using nESI capillary voltages ranging between 0.8 and 1.2 kV. The ion source sampling cone voltage and cone offset voltage were optimized in order to obtain the maximum current for each target analyte ion. These settings ranged from 15 to 80 V and from 15 to 50 V, respectively. In general, the optimum intensity of sodium ion adducts was achieved at higher sampling cone voltages than those optimal for observation of protonated ions [32] . All vibrational activation/dissociation experiments were carried out using low-energy transmission type CID. Fragmentation spectra were obtained for quadrupole selected precursor ions using the trapping region stacked ring ion guide of the instrument as the collision cell. Argon served as the collision gas and was admitted to the collision cell to result in a pressure of approximately 5.0·10 -3 mbar.
Data Processing and Presentation
All MS and MS/MS spectra were acquired using MassLynx 4.1 (Waters). Data were further processed and visualized using IGOR Pro 6.3 (WaveMetrics, Lake Oswego, OR, USA) and Sigma Plot 10.1 (Systat, Chicago, IL, USA). Glycopeptide fragment ions arising from cleavage of the oligosaccharide moiety were assigned using the nomenclature of Domon and Costello [35] , whereas fragments originating from scission of the polypeptide group were named according to the system of Roepstorff and Fohlmann [36] . Occasionally, an observed product ion could have plausibly been formed by more than one specific glycan cleavage; thus, these ambiguous fragments were specified according to the observed monosaccharide loss or losses. Glycan structures were diagrammed using the monosaccharide symbols suggested by Varki et al. [37] .
Results
Overview
In order to investigate the influence of different charge carriers on the vibrational activation/dissociation behaviors of model glycopeptides, several N-glycosylated peptides derived from trypsinolysis of RNase B were studied with respect to their energy-resolved CID pathways. Target analyte ions were chosen such that charge state and glycan composition were held constant, while the amino acid composition and combination of charge carriers were varied. All glycopeptide ions studied herein had charge states of z = 2+ and carried the GlcNAc 2 Man 5 high mannose N-glycan. Nevertheless, glycopeptides with a diversity of amino acid sequences and compositions were generated by proteolysis owing to the localization of several tryptic cleavage sites near the site of glycosylation. Specifically, glycopeptides with the amino acid sequences NLTK, SRNLTK, NLTKDR, and SRNLTKDR were selected for investigation. In addition, each glycopeptide was studied as the doubly protonated [M + 2H] 2+ ion, the doubly sodiated [M + 2Na] 2+ ion, and the hybrid protonated sodium adduct [M + H + Na] 2+ ion. Glycopeptide ions having each combination of charge carrier and peptide group described above were studied, with one exception. Namely, the glycopeptide ion [SRNLTKDR + GlcNAc 2 Man 5 + 2Na] 2+ was not observed in these experiments. This was not entirely unexpected, as protonation of this highly basic glycopeptide (containing one lysine and two arginine residues) would be predicted to be highly favored compared with sodiation.
Precursor Ion Survival Curves
For each glycopeptide ion of interest, the collision energy (expressed here as the potential difference, ΔU, through which the precursor ions were accelerated prior to ion-neutral collisions) applied for CID was varied in 5 V steps. At each collision energy, the fraction of the integrated peak area attributable to the precursor ion was measured. These precursor ion fractional abundances were plotted as a function of collision energy to yield the precursor ion survival curves presented in Figure 1 . Regardless of the charge carrier, the glycopeptide Figure 1 . Precursor ion survival curves for the doubly protonated (a; red plots), protonated/sodiated hybrid (b; blue plots), and doubly sodiated (c; green plots) high mannose N-glycopeptide ions studied here. The amino acid composition of each glycopeptide is indicated in the corresponding legend, and each glycopeptide harbored the GlcNAc 2 Man 5 high mannose N-glycan. In the legends, basic amino acid residues are bolded, and the glycosylated asparagine residue is underlined. Where visible, error bars represent the standard deviation of three replicate analyses ions exhibited a range of precursor ion stabilities; however, some interesting trends were noted when comparing precursor ion survivals for doubly protonated, doubly sodiated, and hybrid protonated sodium adduct precursor ions. For example, the collision energy required for depletion of [M + 2H] 2+ precursor ions to less than 10% of the total integrated peak area ranged from approximately ΔU = 20 V to ΔU = 50 V (Figure 1a) . This approximately 30 V range of energies needed to dissociate ≥90% of the initial [M + 2H] 2+ precursor ion population is similar to that of the [M + H + Na] 2+ precursor ions. For those protonated sodium adduct hybrid ions, 90% precursor ion depletions were achieved over a range of ΔU = 35 V to ΔU = 60 V, for an approximately 25 V spread (Figure 1b) . By contrast, the [M + 2Na] 2+ precursor ions exhibited a substantially narrower range of 90% precursor ion depletion energies, ranging from approximately ΔU = 45 V to ΔU = 50 V and representing a mere 5 V spread among the precursor ions studied (Figure 1c ). Since all of these precursor ions had the same charge state and encompassed a common range of masses (i.e., vibrational degrees of freedom), the differences among their precursor ion survivals point to distinct inherent stabilities and ranges of stabilities among the group of precursor ions depending largely on their charge carriers.
In addition to differing ranges of precursor ion survivals among different charge carriers, differences in the order of precursor stability were also noted among glycopeptide ions with the same charge carrier. Among the precursor ion doubly protonated precursor ions, the order of precursor ion depletion with increasing vibrational energy deposition was consistent with general predictions based on proton mobility [29, 30] as well as predictions for vibrational energy deposition requirement based on the number of vibrational degrees of freedom ( Figure 1a ) [38, 39] . For instance, the [NLTK + GlcNAc 2 Man 5 + 2H] 2+ underwent dissociation at lower collision energies than the other protonated precursor ions. This observation was in accord with the presence of a readily mobile proton (i.e., the number of charge carrying protons exceeds the number of basic amino acid residues) and the availability of the fewest vibrational modes among the protonated precursors. By contrast, the most stable of the doubly protonated precursors was the [SRNLTKDR + GlcNAc 2 Man 5 + 2H] 2+ precursor ion. This observation was consistent with the lack of a readily mobile proton (i.e., the number of basic amino acid residues exceeds the number of charge carrying protons) and the greatest number of available normal modes for this analyte compared with the other protonated precursors.
Interestingly, such arguments were not always able to predict the order of stability among the hybrid charged [ (Figure 1b) . This occurred despite the lack of a readily mobile proton in any of these three glycopeptide ions, and despite the greater vibrational energy capacity of the larger but evidently less stable ion. Finally, Figure 1c 2+ precursor ions. In order to more quantitatively assess differences in stability among the various precursor ions, precursor ion kinetic energies, which brought about 50% precursor ion survival, were calculated. The kinetic energy E k of a precursor ion accelerated through a potential difference ΔU is given by:
where z is the integer charge and e is the fundamental charge. The precursor ion kinetic energy E k50 , which results in 50% precursor ion survival, thus relates to the corresponding potential difference ΔU 50 according to:
Here, values of ΔU 50 were determined by fitting the linear portions of the precursor ion survival curves. The value of E k50 alone is of limited use for comparing precursor ion stabilities, as the amount of vibrational energy required to bring about unimolecular dissociation also depends on the number of available vibrational degrees of freedom, f v [38, 39] . The value of f v is calculated as:
for an analyte comprised of n atoms. Given these values, it is possible to calculate a vibrational degrees of freedom normalized precursor ion kinetic energy, which corresponds to 50% precursor ion survival, E n50 :
In Equation (4), the factor of 10 2 was added merely to provide more convenient figures for comparison. The E n50 values for the various glycopeptides studied here are reported in Table 1 2+ ions is not entirely clear at present, we speculate that charge carrier localization may be partially responsible. Previous work of Lebrilla and coworkers suggested that in high-mannose N-glycopeptides, sodiation primarily occurs on the glycan moiety [27] . In the hybrid protonated sodium adducts, protonation most likely occurs on the peptide group, whereas the sodium ion is most likely bound to the glycan. This is in contrast to the doubly sodiated precursor ions, in which the presence of two sodium ions on the glycan may lead to a coulombically less stable arrangement of charge carriers. Interestingly, CID spectra of the doubly sodiated glycopeptide ions provided no evidence for cation localization at the peptide (as discussed in the succeeding section), which may be consistent with this notion.
These general observations are reiterated in Figure 2 , which presents the precursor ion survival curves of SRNLTK + GlcNAc 2 The ΔU 50 values obtained from precursor ion survival curves were normalized for precursor ion charge state (z) and the vibrational degrees of freedom of the neutral glycopeptide (f v ) calculated according to Equation (3). The resulting E n50 values were calculated according to Equation (4) . Within the glycopeptide compositions, basic amino acid residues are bolded, and the glycosylated asparagine residue is underlined Their overall compositions are also quite similar, involving only the substitution of a serine residue for an aspartic acid residue. Despite these similarities and the qualitative characteristics common to the precursor ion survival curves of the two glycopeptides as variously charged ions, there were some important, albeit subtle, differences to note. For instance, although the monosaccharide compositions of the two glycopeptides are identical and the amino acid compositions are very similar, the sequence of amino acids positions the two basic amino acid residues of each glycopeptide quite differently relative to each other; moreover, an acidic amino acid residue is present in one glycopeptide but not in the other. These features suggest the possibility for significant differences in the manner of charge localization and charge solvation (e.g., proton bridging) between the two glycopeptides. 2+ precursor ions were subjected to ΔU = 30.0 V, ΔU = 60.0 V, and ΔU = 45.0 V, respectively. Importantly, at 5%-15% precursor ion survival, the three precursor ions yielded quite different dissociation spectra. For instance, the doubly protonated precursor ion yielded a prominent series of Y type mannose loss fragments arising from cleavage of the carbohydrate moiety (Figure 4a ). Members of this series were observed in both singly charged and doubly charged states. The Y 1 glycan fragment (i.e., the peptide group with one remaining GlcNAc residue attached) was also observed, and by a significant margin constituted the most abundant fragment ion in this spectrum. This is consistent with previous observations that cleavage between the two GlcNAc residues of the N-linked glycan core is a favored process [14] [15] [16] [17] [18] . Under these conditions, the CID spectrum of the hybrid protonated sodium adduct (Figure 4b ) was highly distinct from that of the doubly protonated precursor. In this spectrum, the major fragments arose as a result of B type cleavage of the glycan moiety, most abundantly producing the B 4 ion (the fragment complementary to the Y 1 fragment mentioned previously), which arises from cleavage of the GlcNAc-GlcNAc glycosidic linkage. Also dissimilar from the doubly protonated glycopeptide, this precursor ion further furnished multiple peptide backbone fragmentations (involving b 2 , b 5 , and y 2 cleavages) as well as cross-ring cleavages of the reducing terminal GlcNAc (corresponding to 2, 4 A 5 and 0,2 A 5 fragmentations). Consistent with previous experimental and theoretical findings, the peptide backbone fragments carried the proton as the charge carrier, while the glycan fragments retained the sodium ion [27] . In general, the CID spectrum of the doubly sodiated ion at 5%-15% precursor survival (Figure 4c) resembled that of the hybrid protonated sodium adduct more so than the doubly protonated precursor ion in general appearance and types of fragmentation; however, the doubly sodium coordinated glycopeptide provided a less informative spectrum with generally fewer fragment ions and lacking any detectable peptide sequence ions. Nevertheless, these ions still produced cross-ring cleavages ( A 5 product ions), which can be useful in distinguishing between free glycans and glycoconjugates [41] . Overall, the CID spectra of the doubly sodiated glycopeptide revealed no peptide fragments. In contrast, the doubly protonated and hybrid ionic forms produced both carbohydrate and some peptide fragmentation. In addition, the carbohydrate cleavages that were not accessible in the doubly protonated glycopeptide fragmentation were detected in the sodium adduct ions (e.g., cross-ring cleavages).
To further explore differences and similarities among the fragmentation behaviors of the variously charged precursor ions, the [M + 2H] 2+ precursor ions (cf. Table 1 ). The comparison shown in Figure 5 , therefore, is in contrast to the collision energies applied in Figure 4 , which were varied in order to achieve a given level of precursor ion depletion. At this fixed collision energy, doubly protonated NLTKDR + GlcNAc 2 Man 5 glycopeptide ions readily lost mannose residues, yielding an assortment of Y fragments (Figure 5a ). Under these conditions, the peptide backbone remained intact, whereas the major fragmentation product corresponded to the Y 1 ion (i.e., peptide chain plus reducing terminal GlcNAc residue). At the same collision energy, the doubly sodiated and hybrid protonated sodium adduct forms were found to undergo entirely different patterns of dissociation compared with the doubly protonated precursor (Figure 5b 2+ precursor ion exhibited a combination of general characteristics shared with doubly sodiated and doubly protonated glycopeptides resulting in A, B, Y type glycan cleavages, in addition to peptide cleavage products involving loss of the C-terminal arginine residue (Figure 5b ). This cleavage C-terminal to the aspartic acid residue in the absence of a readily mobile proton is consistent with the aspartic acid effect [42] , and loss of the protonated arginine fragment in a y 1 type cleavage is consistent with the greater gas-phase basicity of arginine compared with lysine [43] 2+ precursor ions underscores that at constant collision energy, precursor ions of nearly the same m/z will undergo fragmentation through significantly different channels depending upon the identity of the charge carriers. This has significant implications for the automated acquisition of CID spectra (for example, during an LC-MS/MS experiment), since often the collision energy is set based solely on m/z [44] . For these precursor ions, such a strategy would lead to the acquisition of MS/MS spectra with entirely different information content and would, accordingly, necessitate different approaches to interpretation. 2+ , and [M + 2Na] 2+ precursor ions has been systematically compared. In general, the 50% precursor ion survivals of doubly protonated precursor ions varied the most widely, with hybrid protonated sodium adducts and doubly sodiated ions exhibiting 50% precursor ion survivals that were less sensitive to the precursor ion composition and vibrational degrees of freedom. In addition, the hybrid charged [M + H + Na] 2+ ions required consistently greater vibrational energy deposition in order to achieve fragmentation compared with either the [M + 2H] 2+ or [M + 2Na] 2+ ions. While the glycopeptide ions with various combinations of charge carriers were found to have different inherent stabilities, the product ions yielded by the various precursor ions also varied substantially. Overall, the doubly protonated precursor ions showed potential to provide fragmentation information on both the oligosaccharide (Y type cleavages) and, at higher collision energies, the polypeptide (b and y type cleavages) moieties. By contrast, dissociation of the doubly sodiated precursor ions was primarily characterized by glycan cleavage (A and B type ions) with loss of the peptide group, leading to no amino acid sequence information.
Interestingly, the hybrid charged protonated sodium adducts of glycopeptides provided some of the favorable fragmentation characteristics of both the doubly protonated and doubly sodiated precursor ions, making this type of precursor ion an interesting target for future study. Finally, these results suggest that the selection of charge carriers for glycopeptide MS/MS analysis by CID involves a compromise between charge carriers that provide the most extensive structural information, yet result in wide-ranging precursor ion stabilities (i.e., [M + 2H] 2+ ions), and charge carriers that result in precursor ions with similar energetic requirements for dissociation but less information on the overall connectivity of the glycopeptide (i.e., [M + 2Na] 2+ ). These observations are of significant practical relevance from the standpoints of charge carrier selection, collision energy selection, and MS/MS spectral interpretation for glycosylated peptide ions. 
